Work on the chemical evolution of pre-biotic molecules remains incomplete since the major obstacle is the lack of adequate knowledge of rate coefficients of various reactions which take place in interstellar conditions. In this work, we study the possibility of forming three pyrimidine bases, namely, cytosine, uracil and thymine in interstellar regions. Our study reveals that the synthesis of uracil from cytosine and water is quite impossible under interstellar circumstances. For the synthesis of thymine, reaction between uracil and : CH 2 is investigated. Since no other relevant pathways for the formation of uracil and thymine were available in the literature, we consider a large gas-grain chemical network to study the chemical evolution of cytosine in gas and ice phases. Our modeling result shows that cytosine would be produced in cold, dense interstellar conditions. However, presence of cytosine is yet to be established. We propose that a new molecule, namely, C 4 N 3 OH 5 could be observable in the interstellar region. C 4 N 3 OH 5 is a precursor (Z isomer of cytosine) of cytosine and far more abundant than cytosine.
Introduction
The process of origin of life is yet to be known with any certainty. Till date, it is a big puzzle even to explain the origin of complex organic and potentially pre-biotic molecules in the interstellar medium (ISM). As per the Cologne Database for Molecular Spectroscopy (CDMS catalog) (Muller et al. 2005 (Muller et al. , 2001 ), more than 190 molecules have been detected in the ISM or circumstellar shells and this number is increasing steadily. Complex molecules were detected in circumstellar envelopes, interstellar molecular clouds, interstellar ice, comets and meteorites. Examples of biologically important molecules detected in molecular clouds, range from the amino acetonitrile (NH 2 CH 2 CN) (Belloche et al. 2008) and proto-sugar glycolaldehyde (HOCH 2 CHO) (Hollis et al. 2010 ) to possible pyrimidine and purine base precursor like HCN (Snyder & Buhl 1971) , HNCO (Johansson et al. 1984) , NCCCH (Ziurys 2006) , HCONH 2 (Rubin et al. 1971 ). Chakrabarti & Chakrabarti (2000a,b) computed abundances of several pre-biotic molecules including some bases of DNA and RNA during the collapse of proto-stellar clouds. They found that most of the molecules are formed in the gas phase even before the star or the planets are formed. Subsequently, Gupta et al. (2011); Merz et al. (2014) proposed other new reaction schemes for the formation of adenine in interstellar region.
They computed the rate coefficients of these newly proposed reactions under interstellar circumstances. These complex bio-molecules could be synthesized both in gas and ice phases. Despite several observational supports, the complete chemical composition of ISM is yet to be determined with full confidence. In order to understand chemical composition of the ISM, it is required to model interstellar chemistry (gas and ice phase) by considering appropriate physical conditions. Recently, several authors (Das, Acharyya & Chakrabarti 2010; Das & Chakrabarti 2011; Das et al. 2013a,b; Majumdar et al. 2012 Majumdar et al. , 2013 Majumdar et al. , 2014a Sahu et al. 2015; Cazaux et al. 2010; Chakrabarti et al. 2006a; Chakrabarti et al. 2006b Chakrabarti et al. -4 -2006b Das et al. 2008a,b; Cuppen et al. 2009) proposed to implement grain-surface chemistry to appropriately model the chemical processes. Considering a gas-grain chemical model, findings of Chakrabarti & Chakrabarti (2000a,b) have been revised with more accurate analysis by Das et al. (2013a) and Majumdar et al. (2012 Majumdar et al. ( , 2013 ; Chakrabarti et al. (2015) . Majumdar et al. (2012 Majumdar et al. ( , 2013 found that trace amounts of bio-molecules (adenine, alanine, glycine etc.) could be produced during the collapsing phase of a proto-star. They suggested that observations of some of these precursor molecules could provide an educated guess about the abundances of these complex molecules under interstellar conditions. Significant indications are now present that three important interstellar pyrimidine bases (cytosine, uracil and thymine) existed in the pre-biotic Earth (Wang & Bowie 2012) .
Despite high potential barriers, reactions among some interstellar molecules may lead to the formation of cytosine, uracil and thymine. A large number of experiments were carried out to explain formation of complex organic molecules in astrophysical environments. Most of these experiments mainly focused on the ultraviolet photo processing of low temperature ice mixture containing H 2 O, CH 3 OH, CO, CO 2 , NH 3 etc. and subsequent warming up (Bernstein et al. 1995; Muñoz & Schutte 2003) . A wide varity of organic compounds were found by analysing residues. Nuevo, Milam & Sandford (2012); Nuevo, Materese & Sandford (2014) and Materese et al. (2013) found that the addition of pyrimidine to H 2 O-rich binary mixtures which contain NH 3 , CH 3 OH or CH 4 leads to the formation uracil, cytosine and thymine in presence of UV irradiation. These photo products were formed by successive addition of OH, NH 2 , and CH 3 groups to pyrimidine.
Thymine was found to be produced only when UV dose was three times higher than that required to form cytosine and uracil. Nuevo, Materese & Sandford (2014) obtained trace amount of cytosine in their experiment. Low abundance of cytosine in comparison to the uracil was explained due to the low concentration of NH 3 in the initial ice mixture and/or conversion of cytosine into uracil via hydrolysis. Hydrolysis of cytosine for the formation -5 -of uracil were also studied by Shapiro (1999) and Nelson et al. (2001) . They claimed that the hydrolysis of cytosine is responsible for the non detection of cytosine in carbonaceous chondrites. Recently Gupta et al. (2013) attempted quantum chemical techniques to explore the possibility of cytosine formation in interstellar conditions. They proposed that some radical-radical and radical-molecular interactions could lead to the formation of interstellar cytosine. Despite overwhelmingly significant quantum chemical results, till date, any of these species have not been observed in the ISM. This motivates us to throw some lights on the status of three pyrimidine bases under interstellar circumstances.
Plan of this paper is the following. In Section 2, the computational details and construction of chemical model are discussed. Results are presented in Section 3, and finally, in Section 4, we draw our conclusions.
Methods and Computational Details

Chemical modeling
Our chemical model consists of a large gas-grain network where gas and grains are assumed to be interacting with each other continuously to exchange their chemical components.
For the simplicity, here we assume a static molecular cloud, with a constant density (n H ) and constant temperature (T ). Since, we are considering a dense cloud condition, we assume that gas and grains are well coupled and have the same temperature (i. e., T gas = T grain = T ). We adopt the initial elemental abundances (Table 1) by following Leung, Herbst & Huebner (1984) . This kind of initial elemental abundances typical of the low-metal abundances has been adopted for TMC-1 (Das et al. 2015a ).
Our present gas phase chemical network consists of 6349 reactions between 637 species -6 -and surface chemical network consists of 305 reactions between 292 species. Various types of gas phase reactions are considered in the network, namely, ion (cation)-neutral, neutral-neutral, charge exchange, dissociative recombination, photo-dissociation, cosmic ray induced photo-dissociation, radiative association, associative detachment, radiative electron attachment and mutual neutralization. Except molecular hydrogen (according to Leitch-Devlin & Williams (1985) , sticking coefficient of H 2 ∼ 0 in low temperatures) and Helium (Roberts & Millar (2000) assumed that Helium would not stick to grains), depletion of all the gas phase neutral species onto the grain surface is considered with a sticking probability of unity.
Gas phase reaction network and rate coefficients
For the gas-phase chemical network, we follow UMIST 2006 database (Woodall et al. 2007 ). We considered the formation of various gas phase pre-biotic molecules following Majumdar et al. (2012 Majumdar et al. ( , 2013 ; Chakrabarti et al. (2015) . In this work, we also consider various neutral-neutral reactions, radical-molecular reactions (Gupta et al. 2013 ) for the formation of cytosine. Gupta et al. (2013) use quantum chemical techniques to explore the possibility of cytosine formation by radical-radical and radical-molecule interaction schemes by barrier-less or low barrier pathways. They considered two different pathways (scheme 1 and scheme 2) for the formation of cytosine. In Table 2 , we show all these pathways, where, reactions i-vii correspond to the scheme 1 and reactions viii-xiv correspond to the scheme 2 for the production of cytosine as mentioned in Gupta et al. (2013) . For the formation of uracil from cytosine, we consider reaction xix, where reaction between water and cytosine were considered. For the synthesis of thymine from uracil, we consider reaction numbers xx, where the reaction with : CH 2 is considered. Here, for the simplicity and due to the -7 -unavailability of the destruction reactions, we are not considering any destruction reactions either in the gas phase or in the ice phase and thus predicted abundances are only the upper limit.
Since exothermic and barrier-less reactions do not follow temperature-dependent Arrhenius expression, an estimate of rate coefficient at 30 K could be made on the basis of the semi-empirical relationship developed by Bates (1983) :
where, E 0 is the association energy in eV , A r is the transition probability in s −1 (assumed to be 100), and N is the number of nuclei in the complex. A limiting rate is adopted if the calculated value exceeds the limit set by the following equation.
where, α is the polarizability inÅ 3 and µ is the reduced mass of the reactants on the 12 C amu scale.
Reactions, which are considered for the formation of cytosine are shown in Table 2 along with their gas phase rate coefficients at 10 K. All the reactions in the reaction network of cytosine (reactions i-xiv) are barrier-less except reaction iii. These reactions involve several simple neutral molecules and radicals such as HNCO (Bockelee-Morvan et al. 2000; Buhl et al. 1973; Nguyen et al. 1991 This polarizability values were not available from Gupta et al. (2013) . Polarizability of a species is defined as the second derivative of energy with respect to electric field, i.e., the first derivative of dipole moment with respect to the electric filed. This defines the ability for a molecule to be polarized. The total isotropic mean molecular polarizability of a species is the mean value of polarizabilities in all three orthogonal directions. The polarizability tensor (is a 3 × 3 tensor) is said to be isotropic if its usual matrix representation is diagonal, with the three diagonal elements equal. For the computation of the isotropic polarizability, first we find out optimized geometry of the desired species and then by doing frequency calculation or polar calculation modeling on the optimized geometry, we find the isotropic polarizability. For this computation, we use the density functional theory based B3LYP functional with the 6-311++G** basis set of Gaussian 09 program.
We found that for the reactions ii, iv, v, vi, vii, x, xii and xiv, rate coefficients calculated by Eqn. 1 are crossing the limiting values. Comparatively larger and stable molecules in these
and C 4 N 3 H 6 O for the reactions ii, iv, v, vi, vii, x, xii and xiv respectively. Our calculated isotropic polarizability of these species are found to be 6. 94, 10.88, 11.31, 11.31, 11.31, 9.05, 11.37, 11.31 in the unit ofÅ
Shapiro (1999); Nelson et al. (2001) proposed the hydrolysis of cytosine could form uracil (reaction xix). We investigate the usefulness of reaction xix under interstellar circumstances. Actually reaction xix is a two step process. First step is the water addition and 2 nd step is the NH 3 elimination (Fig. 1 ). In the 1 st step, water reacts with cytosine Fig. 1.-Uracil formation in two steps: 1 st step is the addition of water with cytosine and 2 nd step is the elimination of ammonia from the intermediate product.
-10 -to produce the 1 st product. We compute the change of enthalpy (∆H) for this step at B3LYP/6-311++G** level of theory. In gas phase, ∆H for the 1 st step is 42.3123 kJ/mol.
Thus it is highly endothermic in nature. We also calculate the activation barrier for the 1 st step, which is 162.5 kJ/mol for the gas phase. These values are quite high in relation to the interstellar circumstances and the process is very unlikely to go through. In the cold interstellar clouds, averaged translational temperatures of the reactants are about 10 K, which can rise up to 4000 K in the outer photosphere of carbon stars (Kaiser et al. 1999 ).
The transition state for the 1 st step (gas phase) is shown in Fig. 2a .
In the 2 nd step, there is an elimination of NH 3 from the intermediate product. We compute ∆H for this reaction at the same level of theory which comes out to be −83.788 kJ/mol for the gas phase. Thus, 2 nd step is highly exothermic in gas phase. Activation barrier for this step comes out to be 117.76 kJ/mol for the gas phase. It is very interesting to note that despite highly exothermic nature of the 2 nd step, it possesses very high activation energy barrier in the gas phase. It is very hard to overcome this energy barrier under interstellar condition. The transition state for the 2 nd step is shown in Fig. 2b .
It is very clear from the above discussions that under the interstellar circumstances, formation of uracil from cytosine is not possible by the proposed reactions. Sklenak et al. (2004) also investigated the conversion of cytosine to uracil under deamination reaction catalyzed by yeast cytosine deaminase (a zinc metalloenzyme of sufficient biomedical interest) by using ONIOM method. Though their studies were not related to the interstellar scenario, it also shows that both the rate determining steps possess positive energy barriers.
Wang & Bowie (2012) carried out some extensive ab-initio calculations to investigate the possibility of the formation of cytosine, uracil and thymine in interstellar regions.
Various deamination reactions of cytosine were investigated by various authors but all these deamination reactions are indeed very slow in nature (Wang & Bowie (2012) and references -11 -therein). For the formation of uracil, Wang & Bowie (2012) proposed a three body reaction between water, Urea and :CCCO which is very unlikely to happen in interstellar condition.
They also investigated the interconversion of uracil/cytosine by using neutrals, radicals and anions derived from ammonia. It is required to have minimum 108 kJ/mol energy for such interconversion. Thus, the chances of this interconversion are also limited.
We investigate thymine formation between uracil and : CH 2 (reaction xx) by following Wang & Bowie (2012) . Transition state of this reaction is shown in Fig. 3 . For this reaction, ∆H is −456.417 kJ/mol whereas the activation barrier is −84.96 kJ/mol. Our studies are in excellent agreement with the previous studies by Wang & Bowie (2012) . For the computation of the gas phase rate coefficient of reaction xx, we use Eqn. 2. Polarizability of the largest reactant (uracil) we used is 9.85Å. Despite the low barrier energies of reaction xx, thymine would not be produced by this reaction. The reason behind is that uracil is required for reaction xx and uracil formation is limited by the high barriers of reaction xix.
Thus the proposed gas phase pathways of Table 2 would only produce cytosine.
Surface reaction network and rate coefficients
It is now well established that grain chemistry plays a major role for the formation -13 - Gupta et al. (2013) Allen & Robinson (1977) , Hasegawa & Herbst (1993) . Following Hasegawa, Herbst & Leung (1992) , here also, we assume that the binding energy against diffusion (E b ) = 0.3E d except the case of atomic hydrogen. Similar to Hasegawa, Herbst & Leung (1992) , here also we use, E b = 100 K for atomic hydrogen. Desorption energy of HNCO is considered to be 1425 K (Garrod, Weaver & Herbst 2008 
we set the desorption energy to 5000 K. Rate coefficient of the ice phase reactions are calculated by the following relation (Hasegawa, Herbst & Leung 1992) ,
where, N a and N b are the number of a and b species on an average grain respectively, k ab is the probability for the reaction to happen upon an encounter and n d is dust-grain number density, R a and R b are the diffusion rates, for species a and b respectively. Diffusion rate (R a = N s t a and R b = N s t b ) depends on the time required to traverse the entire grain by the reactive species, which in turn depends on
where ν 0 is the characteristic vibration frequency of the adsorbed species, E b is the binding energy, T g is the grain temperature and N s is the number of surface sites on a grain. For the computation of the characteristic vibration frequency (ν 0 ), we utilize the following harmonic oscillator relation:
where, n s is the surface density and m is the mass of the species. As in our previous model, here also, we use N s = 10 6 and n s = 2 × 10 14 cm −2 (Das et al. 2015a ).
-15 -Various types of evaporation mechanisms are considered here, namely, thermal desorption, cosmic ray induced desorption and non-thermal desorption. Thermal desorption time scale depends on the desorption energy of the species by following the relation (Hasegawa, Herbst & Leung 1992) :
Cosmic ray induced desorption time scale follows from the relation described by Hasegawa & Herbst (1993) , product. Here, we apply this mechanism to all surface reactions which result in a single product. Fraction f is calculated by;
where, a is the ratio between surface molecule bond frequency to frequency at which energy is lost to grain surface. Here, as in Garrod, Wakelam & Herbst (2007) , we consider a moderate value of a (i.e., a = 0.012) for our simulation.
Gupta et al. (2013) carried out quantum chemical calculations (using PCM model) for
the formation of cytosine in ice phase as well. Their calculations shows that similar to the gas phase reactions, only reaction iii of scheme 1 is having positive activation barrier. Rest of the reactions are barrier-less in ice also. Here, in our model, we are considering these reactions in ice phase also. Rate coefficients for these reactions in ice phase are computed by using eqn. 3. All the ice phase rate coefficients are shown in Table 2 at 10 K. We carry out quantum chemical calculations to check the possibility of formation of uracil (reaction xix) and formation of thymine (reaction xx) in ice phase also.
-17 -For studying grain surface reactions i.e., reactions in astrophysical ice, one needs to incorporate bulk passive influence of water. We modelled this effect by considering a self-consistent reaction field in the electronic structure calculations under Gaussian 09
program. Here the reaction components are subject to polarization effects due to the collective static electric field arising from the large dipole and higher moments of the bulk water matrix. Water changes the energetic of chemical reactions in both active and passive ways. Water molecules may actively serve as a catalyst, facilitating proton transfer or other behaviour in chemical reactions. The reaction components are also subject to polarization effects due to the collective static electric field arising from the large dipole and higher moments of the bulk water matrix. This is a passive influence that can also change the barrier heights of reactions that occur within the ice matrix. So depending on the active and passive influence of water, pathways, barrier as well as rates can differ. To study reaction kinetics of the formation of uracil and thymine from cytosine in ice phase, we use density functional theory based B3LYP functional with the 6-311++G** basis set using Gaussian 09 program. We adopt Self Consistent Reaction Field (SCRF) modeling using the polarizable continuum model (PCM) with the integral equation formalism variant (IEFPCM) as the default SCRF method. This method in Gaussian 09 program is used to include the bulk solvation effect of the interstellar grain mantle (mostly water ice). For the SCRF modeling, bulk solvent medium is simulated as a continuum of the dielectric constant (for water =78.5) which surrounds a solute cavity, defined by the union of a series of interlocking spheres centered on the reactive atoms.
As like the gas phase (Fig. 1) , reaction xix would process in two steps. ∆H for the first step of this reaction is 76.27 kJ/mol and for the second step is −95.23 kJ/mol.
Thus, first step of reaction xix is endothermic whereas the second step is exothermic in ice phase. Activation barriers for these two steps are 163.05 kJ/mol and 108.87 kJ/mol in the ice phase. Due to these high barrier energies, reaction xix would not able to process in -18 -ice phase as well. Thus formation of uracil in ice phase is not possible. For the thymine formation (reaction number xx ) in ice phase, reaction of uracil with : CH 2 is studied. ∆H for this reaction −415.59 kJ/mol in ice phase. Thus this reaction is exothermic in nature.
Activation barriers for this reaction is −65.48 kJ/mol. Since the activation barrier for reaction between uracil and : CH 2 (reaction xx) is favourable under interstellar condition, this reaction would process in interstellar ice. Now, reaction xx require uracil for the production of thymine. Since uracil is not forming on the ice, production of thymine on the interstellar ice is questionable. Thus, we are not considering reaction numbers xix-xx in our surface chemical network. Rate coefficient for reaction xx in ice phase is shown in Table 2 for the illustration purpose.
Results and Discussion
Modeling results
In Fig. 4 , we show chemical evolution of cytosine in gas phase and ice phase. 'Y' axis of Fig. 4 represents logarithmic abundance of species (n x ) with respect to number density of total hydrogen nuclei in all forms (n H ). To mimic dense interstellar conditions, we consider an intermediate dense cloud (n H = 10 5 cm −3 ) having T = 10 K and A V = 10. OCN − is the basic requirement for the formation of cytosine and it is producing efficiently on the ice phase. Due to the moderate desorption energy of OCN − , it is populating the gas phase to process cytosine formation in gas phase as well.
It is evident from Fig. 4 that the abundance of cytosine is beyond the present observational limit (Aguńdez & Wakelam 2013) . Thus it would be more helpful, if we identify an intermediate molecule as the precursor of cytosine. Here, we consider C 4 N 3 OH 5 (Z isomer of cytosine) as the precursor (Fig. 5a) . Gupta et al. (2013) obtained this structure -19 -during the synthesis of cytosine starting from OCN − and HCCCN. There is another isomer of cytosine (i.e., E isomer) which would also be formed starting from OCN − and HCCCN.
Structure of the E isomer of cytosine is shown in Fig. 5b . Though the E isomer is more stable than the Z isomer (optimization energy of the Z isomer is 6.8 kJ/mol higher than the E isomer), we are considering the Z isomer only because the pathways with this isomer are available for the formation of cytosine. We also check the most economic route for the formation of cytosine starting from the precursor (Z or E isomer of cytosine). We compare ∆H of reaction (xiii), where, C 4 N 3 H 6 O is forming by the reaction between the precursor (Z or E isomer) and H atom. ∆H for the reaction between H atom and Z isomer is −155.914 kJ/mol and between H atom and E isomer is −154.07 kJ/mol. Thus reaction with the Z isomer is more endothermic than the reaction with the E isomer towards the final step of the cytosine production. In Fig. 4 , time evolution of C 4 N 3 OH 5 is also shown. It is clear that it could efficiently be produced. Peak abundance of gas phase cytosine and C 4 N 3 OH 5 is found to be 1.06 × 10 −16 , 6.36 × 10 −16 respectively and for the ice phase it is found to be 3.72 × 10 −16 , 4.44 × 10 −14 respectively. It is expected that all the ice phase species would populate the gas phase during the warm up phase of a collapsing cloud. Thus the ice phase abundance of the precursor molecule would be reflected in the gas phase as well.
Astronomical Spectroscopy
Vibrational transitions
Gas phase vibrational frequencies of three pyrimidine bases and one of their precursor Table A1 . In Table A1 , we compared our calculated vibrational frequencies with the earlier existing experimental works to justify the accuracy of our calculations. It is true that the validity of the band assignments are not obvious because there are some earlier works which reported the similar issues. But to the best of our knowledge, there are no such information available for C 4 N 3 OH 5 . For the sake of completeness and to validate the accuracy of our results on C 4 N 3 OH 5 , we summarize the vibrational frequencies and band assignments of cytosine, uracil and thymine along with
Rotational transitions
In Table 3 , rotational constants of three pyrimidine bases along with one precursor are shown. It is now well known that density functional theory can be applied to various astrophysical problems with sufficient accuracy (Runge & Gross 1984; Puletti et al. 2010; Pieve et al. 2014) . Accuracy of the computed spectroscopic constant depends on the choices of the models. For example, Carles et al. (2013 Carles et al. ( , 2014 program for the computation. In Table 3 , we compare our results with the existing results.
It is clear from the table that our calculated values are in good agreement with the earlier results.
These rotational constants are used in SPCAT program (Pickett 1991) to generate several rotational transitions. These transitions are used in ASCP program (Kisiel et al. 1998 (Kisiel et al. , 2000 for the representation of the rotational stick diagram (Fig. 7) at 300 K.
Concluding Remarks
In this paper, we explored the possibility of formation of three pyrimidine bases, namely, cytosine, uracil and thymine in interstellar region. We studied the hydrolysis of cytosine for the formation of uracil. Our results strongly suspects the validity of this reaction around the low temperature regime. Since uracil production is limited by the hydrolysis reaction, production of thymine by the reaction between uracil and CH 2 is highly -24 - Brunken et al. (2006) b Experimental values by Brown et al. (1988) c Calculated values by Brunken et al. (2006) -26 -unlikely. However, the formation of cytosine is energetically favourable (in gas and ice phase) and thus we consider cytosine formation reactions in our gas-grain chemical model.
Our calculated abundance suggests that trace amount of cytosine could be produced in the interstellar circumstances. Since, we are not considering any destruction reactions of cytosine, our predicted value merely reflects its upper limit. Despite this, our calculated abundance of cytosine is below the observational limit. This prompted us to propose to observe one precursor molecule of cytosine (intermediate product of cytosine route) whose abundance is much greater than cytosine. C 4 N 3 OH 5 could be used as the precursor molecule of cytosine. It is not obvious that the cytosine is harder to detect as compare to C 4 N 3 OH 5 based on the abundance argument only. Das et al. (2015a,b) NH stretching a Gas phase experiment (Colarusso et al. 1997) b Data recorded in neon matrixes (Yu et al. 1995) c Data recorded in argon matrixes (Lés et al. 1992) d Data recorded in neon matrixes (Graindourze et al. 1990) e Data recorded in neon matrixes (Kwiatkowski et al. 1996) f Data recorded in argon matrixes (Kwiatkowski et al. 1996) 
